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ABSTRACT  The tubular  ascidian  heart  is  composed  of a  single  layer  of cells
joined  together by apical  (zonulae occludentes)  and spot (maculae occludentes)
nexuses.  Intercalated  discs  or  desmosomes  were  not  observed  in  this  tissue.
Rectangular  pulses  of  current  were  applied  across  the  opened  and  flattened
myocardium.  Assuming  that  all  the transepithelial  current  flowed  through  a
uniform  gap between  cells,  the  resistivity  in the  gap  must  be  very high  com-
pared  to  that in  bulk solution.  It is  likely,  therefore,  that the  gap width  is of
the  order  of an  ionic  radius  or  smaller.  Assuming  that all  the  transepithelial
current  flowed  through  the  cells  and  that  the  inner  and  outer  membranes
had  the  same  resistivity,  the  membrane  resistivity was  about  210  ohms  cm2
and  the  membrane  capacitance  was  about  1.6  uaF per  cm2. The  myocardial
cells  were  found  to  be  in  electrical  continuity  with  each  other  through  the
nexuses  since  current  could  be passed  through  a strip  of myocardium  in a  su-
crose  gap.  Assuming  that  the  longitudinal  resistance  of  the  cytoplasm  was
negligible,  the  cell-to-cell  resistivity  of  the  nexuses  was  0.2  ohm  cm2. It  is
concluded  that  the  nexuses  provide  a  low  resistance  pathway  between  cells
and a  transepithelial  barrier.
INTRODUCTION
The  spread  of  excitation  through  the  tubular  ascidian  heart  is  probably
mediated  by local current  flow  between  unexcited  cells  serving  as a  current
sink and excited cells serving as a current source  (Kriebel,  1967 a and b,  1968).
Impulse  spread  between cells by local current  flow requires  a low resistance
pathway  so that the adjoining  cells  are  in electrical  continuity  and  are  not
isolated  by  a  wide,  continuous  layer  of extracellular  fluid  (cf.  Woodbury,
1962).  Nexuses  (tight junctions) probably  represent the morphological struc-
ture  between  vertebrate  heart  cells  that  has  the  property  of a  low  cell-to-
cell  resistance  (Dewey and Barr,  1964; Barr,  Dewey,  and Berger,  1965).
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Electron micrographs and phase contrast photographs presented here show
that the heart walls of Ciona and Chelyosoma are one cell layer thick.  The fusi-
form musculoendothelial  cells  are oriented  about  70° to the heart  axis. The
lateral  cell surfaces  of neighboring  cells are joined by  apical  (zonulae  occlu-
dentes)  and  spot  (maculae  occludentes)  nexuses  (cf.  Farquhar  and  Palade,
1963). Neither  desmosomes  nor intercalated  discs are in evidence.
The  width  of nexuses  appears  to  be  uniform  in  all  animal  groups  and
nexuses  are thought to represent a fusion of the outer layers of the unit mem-
branes  of adjoining  cells  (Robertson,  1961;  Dewey  and Barr,  1964;  Elbers,
FIGURE  1  A.  Diagrammatic
representation  of  the  chamber
for  measuring  the  transverse
heart  resistance.  B.  Cross-
section  through  the  above
chamber.
1964). The possibility did exist, however, that there were thin gaps or tunnels
filled  with  extracellular  fluid  in  the  nexus  regions  not  detectable  with  the
techniques  currently  employed  in  electron  microscopy.  The  transepithelial
heart  resistance  of ascidians  has been  determined  and calculations  are  pre-
sented which show that if there is a uniform gap between  cells it is so narrow
that the conductivity  for transepithelial  ion flow  is greatly reduced.
The longitudinal resistance  of the heart was determined  by placing it in a
sucrose gap. The specific cell-to-cell nexus resistance was estimated by assum-
ing that the longitudinal  heart resistance  was mainly due to rows of nexuses.
An abstract  has been published  (Kriebel,  1966).
METHODS
A. Determination of the Cellular Structure
The  tubular  hearts  of  adult  ascidians  (subphylum  Tunicata,  phylum  Chordata)
Ciona  intestinalis  (California)  and  Chelyosoma  productum  (Washington)  were  cut  in
half and  each  half was  opened  along  the  heart-pericardial  junction  to form  a  flat
sheet about  25 mm  X 4 mm.
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Hearts  were  placed  under a  coverslip supported  by two ridges of petroleum jelly
and were perfused with cold seawater.  Hearts were neither stretched nor compressed
and since  they were  beating they adjusted to normal in situ dimensions.  Photographs
were  taken with  a  X  100  oil immersion  phase contrast  objective  in  order to deter-
mine the  average cell area,  the total length of apical cell  boundaries  per unit area of
tissue, and  the cellular orientation.
For electron  microscopy,  hearts were fixed for  I  hr in 4 % OSO4,  buffered  at pH
7.4 with 0.1  M  s-collidine at  0-4°C (Bennett and Luft,  1959),  and embedded in Epon
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FIGURE 2 A.  Diagrammatic cross-section through the heart as seen  in Fig.  I B.  B. Elec-
trical circuit of the resistances across the sheet of heart tissue as  seen in Fig. 2 A.
according  to the method  of Luft  (1961).  Sections  were cut at 600-800 A on  a  LKB
Ultrotome.  Micrographs were made  with an RCA  3G electron  microscope.
B.  Determination of the  Transverse Electrical Resistance of a Flat Sheet of Heart
Tissue (Sandwich Preparation)
Pieces  of opened heart were transferred  to a  small bath and  gently positioned  over a
1 mm2 chamber,  ringed with  petroleum jelly, in a block  of Plexiglass  (Fig.  1 A and
B).  The  tissue  was  not  stretched.  A  small  celluloid  ring,  covered  with  petroleum
jelly,  was lowered onto  the heart sealing off the  1 mm2 chamber.  A hydraulic  system
was connected  to the  small chamber  so that a  constant volume could  be maintained
during  sealing.  This  method  of sealing  was  adequate  since  a  piece  of cellophane,
"sandwiched"  between the two chambers,  insulated  them  electrically.
Square pulses  of  alternating  polarity  (1/sec,  20  msec  duration)  were  passed  be-
tween  two  electrodes  (one  in  each  chamber)  with  Tektronix  waveform  and  pulse
generators.  The voltage drop  across  the sheet  of heart  tissue  (Fig.  2)  was measured
between  two additional  electrodes  connected  to either  a  Grass  Model  7 polygraph
equipped  with  a  Grass  Model  7P5A  preamplifier  or a Tektronix  565  oscilloscope.
The  current  passing  through  the  heart  was  determined  by  recording  the  voltage
drop across a  10 kohm resistor  in  series with the heart.  A  10  MS2 resistor  was placed
in series with the polarizing  electrodes  to approximate  a constant  current. The time
constant of the apparatus  was found to be  2  sec when the  cellophane  (see  previous
paragraph)  was perforated  making  a 25 kohm channel.
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C. Determination of  the  Specific  Resistivity  of  the  Heart  (Long  Axis)  with  a
Sucrose-Gap Technique
A 950  mM  solution of sucrose  was  found  to  be  isosmotic  with  seawater  by freezing
point determinations.  The sucrose  was deionized  in a mixed  bed  ion exchange  resin
(Amberlite  MB-1;  see  Julian,  Moore,  and  Goldman,  1962).  There  was  less  than
FIGURE  3.  Diagrammatic  rep-
resentation  of the  sucrose  gap
chamber.  The  upper  seawater
inlets  produced  a  10  mm long
gap  and  the  lower  inlets
produced a  5 mm long gap.
0.25 % hydrolysis of the sucrose by the resin as determined with freezing point analyses.
The specific  resistivity of the sucrose  solution was determined  with a Simpson  Model
(Simpson Electric  Co.,  Chicago,  Ill.)  311  vacuum tube volt-ohmmeter  to  be about 2
Mg-cm.
Small  holes  (0.020  inch  diameter)  were  drilled  through  a  block  of Plexiglass  to
form  the  sucrose-gap  chamber  shown in  Fig.  3.  Stainless  steel  pins  were  positioned
through the  Plexiglass  block  into  the middle  of  the  gap chamber  opposite  the  sea-
water  inlets  (not shown in  Fig.  3).  Two sets  of pins were  set  exactly  5 mm  and  10
mm apart so that a  10 mm or  a 5 mm long sucrose  gap  was established  by perfusing
seawater  through  the  respective  inlets.  One  end  of  an opened  heart  was  tied  to a
fine  nylon filament (50  u diameter)  and pulled  into the  sucrose-gap  chamber which
was initially  filled with  seawater.  The heart was  threaded  on the seawater  inlet side
of the  stainless  steel  pins.  After  positioning,  the beating hearts  adjusted  to a  normal
length.  The  flow  rates  (about  1 cc/min)  were  adjusted  by raising  or lowering  reser-
voirs  so  that  the  sucrose-seawater  interfaces  formed  sharp  boundaries  across  the
heart.  Schematized  in  Fig.  4  A.
Pulses  of  10-8  amp,  of 80  msec  duration,  and  alternating  polarity  were  passed
through the  10 mm or 5 mm long gap between Ag-AgCl  electrodes positioned at each
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end of the  gap. The current was determined from  the voltage  drop across a  10 kohm
resistor  in  series  with  the  preparation.  A  200  MU  resistor  was  placed  in  series  to
approximate  a  constant  current  during  the  development  of  the  sucrose  gap.  The
voltage  drop  across  the  gap  was  differentially  recorded  with  a  Grass  Model  7P5A
preamplifier  with the input impedance  increased to  100  MQ, and with a Grass Model
7 polygraph.  The preamplifier  was calibrated  against known  resistances.  With con-
stant  current,  the recording method  was nearly linear in  the  required  range  of I  to
20 Mf2.
A
FIGURE  4  A.  Diagrammatic
B  flat  view  of the  heart  cells  in
the  sucrose  gap.  B. Electrical
R  into tissue  R into tissue  circuit of the sucrose  gap.
R  Nexuses  R Cytoplasm
RESULTS  AND  DISCUSSION
A.  Cellular Structure of the Myocardium
Phase  contrast  photographs  show  that the  myocardium  of  both  Ciona and
Chelyosoma  is  composed  of one  musculoendothelial  cell  type.  The  cells  are
90  1A  long,  2  u wide  at the base  (lumen surface),  5  ,.  wide  at the  apex,  and
10  p  high in the  central  region  (Figs.  5 A and  6 B).  The myofibrils  lie near
the luminal  surface and each cell contains  one nucleus in the central  region.
In both species, the heart thickness as determined by focusing on the apical
and luminal surfaces of living tissue was  10  u. The cell shape can be geometri-
cally described  with two cones of base diameters of 7  A  and altitudes  of 50  u
(Table  I).
Electron  micrographs  show that the heart wall is  essentially one  cell layer
thick  (Fig.  7  A)  and that  nexuses  (zonulae  occludentes)  are present between
all cells towards the apical surface  (Fig. 7  B).  This indicates that all cells must
be circumiacently joined  to their neighbors  by nexuses.  In order  to give the
apical nexus dimensions,  the height is defined as in the transepithelial direction
(Fig.  7), the length is the cell border length per unit area of tissue  at the level
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FIGURE  5.  Phase  contrast  photographs  of  a  piece  of living  Chelyosoma heart.  A.  The
microscope  was  focused  towards  the  apical  surface  showing  the  cell  boundaries  at the
level  of the  apex  nexuses  in  Fig.  6.  One  cell  is  enclosed  within  the  box.  A  nucleus  is
indicated  with  the arrow.  X  1000.  B.  Same  tissue  as  above  but  the  microscope  was
focused  on  the  mvofibrils  towards  the  luminal surface.  X  2000.
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of the  apical  nexus  (Fig.  5  A),  and  the  width  or gap  is the  distance  between
cells.
There  are randomly  spaced  nexus  spots  (maculae  occludentes)  below  the
apex  (Fig.  7 D).  The intercellular space  is continuous  with  the lumen  of the
heart  since  there  are  intercellular  spaces near  the  lumen  between  most  cells
Long  axis  of
muscle  cells
A  7  0
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FIGURE  6.  Equivalent  circuit  for  the long  axis  of a  Chelyosoma  heart.  A.  Diagrammatic
representation  of a  10 mm long segment of heart.  B.  Semischematic  diagram  of the cells
in  the  region  of  the  box  in  (A).  Apical  nexuses  are  represented,  myofibrils  and  spot
nexuses  are  not  shown.  C.  Equivalent  circuit  for  each  5  g  length  of heart.  Values  are
calculated  from Table  I.
R,,,  resistance of the apex membrane  =  7.7  X  10
5 ohms.  C..,,.  , capacitance  of the
apex membrane  =  5.4  X  I0
- '0  farad.  Ri., internal  resistance of the tissue  =  2.3  X  10
ohms. R  m,.. resistance of the lumen  membrane  =  1.5  X  10
' ohms.  CL,,,.,  capacitance
of the lumen membrane  =  2.5  X  10
- 9 farad.
and some  of these  are continuous  to  the apical  nexus  (Fig.  7  A  and  C).  The
heights  of the apical  and spot nexuses  were found to be about 0.5 A. The total
nexus  height between  cells  was found  to be  1.5  which  is one-seventh  olf the
lateral cell  border.
B.  Transepithelial Resistance of the Flat Sheet of Hearl  7issue
Fig. 8 A shows  the increase  in resistance  as a piece of opened  heart  was sealed
between  the two  chambers as diagrammed  in Fig.  1. Fig.  8 B  shows the time
course  of the voltage change due to an applied  current pulse across the  heart.
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The average specific transepithelial  tissue resistance  of nine Ciona hearts  was
230  (range  30)  ohms  cm2,  the  average  time constant  was  0.32  (range 
0.02)  msec,  and  the  average  capacitance  was  1.34  (range  - 0.15)  /jF per
cm 2. These parameters  from  seven  Chelyosoma hearts  were  280  (range  70)
ohms  cm2, 0.40  (range  -4- 0.1)  msec,  and  1.4  (range  0.4)  ,F  per  cm2.
TABLE  I
DIMENSIONS  AND  ELECTRICAL  PARAMETERS
OF  THE  MYOCARDIUM  AND  CELLS
Chelyosoma  Ciona
Apex  (or  lumen)  surface  area/cell,  u/2  1.1  X  102  1.0  X  102
Cell  volume,  tz3  1.1  X  10  1.0  X  103
Cell  length,  /i  80  120  50-110
Maximal  cell  (also  heart)  thickness,  Au  10  10
Maximal  cell width,  /u  5-6  4 5
Average  diameter,  M  7  7
Total  cell  surface, 
2 1.1  X  10  1.0  X  103
Nonspecialized  membrane,  /z
2 8.0  X  102
Nexus,  ,,2  2.0  X  102
Transepithelial  height  of a  single  nexus,  ju  0.5
Total transepithelial nexus height  (apical  and spot nexuses),  /  1.5
Specific transepithelial  tissue resistance,  ohms cm
2 2.8  X  102  2.3  X  102
Transepithelial  resistance/cell,  ohms  2.8  X  108  2.3  X  103
Specific  membrane  resistance,  ohms  cm2  2.3  X  102  1.9  X  102
Transepithelial  capacitance,  IF per cm
2 1.4  1.3
'Transepithelial capacitance/cell,  MF'  1.4  X  10-
6 1.3  X  10-
6
Membrane  capacitance,  F per cm
2 1.7  1.6
Capacitance/cell,  .uF  1.7  X  10
- 5  1.6  X  10-i
Longitudinal  heart resistance, M2 X  mm  length/mm width  2.8  1.6
Specific  longitudinal  resistivity  of heart,  ohms-cm  2.8  X  103  1.6  X  103
Specific  nexus  resistance,*  ohms cm
2 0.3  0.2
Membrane resistance  of one cell in tissue  (calculated)
Nonspecialized  membrane,  ohms  2.7  X  10
7
Nexus,  ohms  1.0  X  105
Membrane resistance of one isolated cell,  no nexus,  ohms  2.3  X  10
7
(calculated)
Input resistance  of one cell in tissue  (measured), : ohms  :i3.9  X  106
* It is  assumed that  nexuses  in  Chelvosoma are  about the  same height  as  in  Ciona.
: Kriebel  (1968).
The equivalent circuit  of the transepithelial  resistance  of the  heart  is repre-
sented in Fig.  2 B and expressed  by  the equation:
1  1  1__  ()
Rtssue  Rytoplslll  + 
2R,,.ill  .,, ,ran{  Rnexus  +  Rintcrcellular  space
(gap)
The  total length  of cell  boundaries  was  over 4  X  105  b / per mm2 of tissue.
Assuming that the unit membrane  is  75  A thick,  the intercellular space below
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the apical  nexuses  is  about  150  A  wide  (distance between  the electron-dense
cytoplasmic  edges of adjacent membranes  is at least 300  A). The value  of the
term RinterceIular  space would  be less  than  300  ohms  (intercellular  space  filled
with seawater,  specific resistivity,  23 ohms-cm) which is small when compared
to that of the term Rtji,,.  so it may be omitted from expression  (1).
Assuming  that nexuses are filled with seawater,  the resistivity equation can
be used  to calculate  the gap width.  In order  to calculate the maximal  hypo-
thetical nexus gap with the resistivity equation (2), Rnexus  was given a minimal
value  by arbitrarily ascribing an infinitely  large value to R,, 1 nw.mb.ran:,
R  ...  . =  P X  height of apex  nexus
(gap)  maximal  gap  between cells  X  cell  border  length
The resistivity term  (p)  for seawater  is about 23 ohms-cm.  The resistance  of
16 preparations  (1  mm2 pieces of tissue of both Ciona and Chelyosoma) averaged
2.5  X  10" ohms  so  the  term Rnex,  equals  250 ohms  cm2. The  height  (trans-
epithelial  dimension)  of the  apical  nexuses  was  5  X  10-5  cm  as  determined
from electron micrographs  (Fig.  7 B).  The minimal cell border  length which
is  equal  to  the  nexus  length  as  determined  by  phase  contrast  microscopy
(Fig.  5 A)  was 4  X  103 cm per cm2.
On  substitution,  the  maximal  uniform  gap  in  the  nexus  equals  0.12  A.
This  demonstrates  that  if a  uniform  gap  in  the  apical  nexus  is  present,  the
resistivity  for transepithelial  ion flow cannot be that of the bulk solution since
the gap  would  be  less  than  the diameter  of a  hydrated  sodium  ion  (which
is  about  7  A; Mullins,  1961).  Similar  conclusions  can  be  drawn  from  trans-
epithelial  resistances of other tissues  (cf. Waltman,  1966).
However,  it is possible that there are tunnels  within the nexuses which  are
large  enough  to  permit  ions  to  pass  across  the  heart  wall  between  cells.
Assuming that all current flowed through hypothetical tunnels with a diameter
of 8 A,  there  could  be  one  tunnel  for  each  400 A  of cell  border.  Expressed
another  way,  this would be  one tunnel  for every  2  X  106  A2  of apical  nexus
surface  between  cells.  The  resistance  through  a 0.5  long tunnel  would  be
5.5  X  1012  ohms. The resistance between cells on each  side of the hypothetical
tunnel  through  the nexus  (specific  resistivity determined  in the next  section)
would  be 5  X  108 ohms.  Consequently,  such  a small number of hypothetical
tunnels  of  high  resistance  would  not  short-circuit  impulse  current  between
cells by an appreciable  amount.
If it  is  assumed that  no  current passed  between  cells,  the measured  trans-
verse heart resistance gives a lower limit  for the apical  and luminal cell mem-
branes.  Since  the  calculated  resistance  of the  intercellular  space  is  low,  the
lateral cell  surface can be considered  electrically  as part of the luminal mem-
brane;  therefore,  there  is  about  five  times more  cell  membrane  in electrical
contact  with  the  luminal  medium  than  with  the  apical  medium.  The  two
55THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  · VOLUME  52  · 968
series-coupled  membranes may have the same time constant since the voltage-
time curve  in Fig.  8 B approximates  a single  exponential  curve.
Assuming that  the specific  membrane  resistance  of the apical  and luminal
surfaces  is  the same,  the  specific  membrane  resistance of Ciona and Chelyosoma
FIGURE  8 A.  Continuous oscillograph  record  of the  voltage developed  across  a  I  mm
2
sheet  of Ciona heart.  Top  trace,  at  the  start  of the  record,  the  voltage  was  recorded
across  a  calibrating  20  kohm  resistor.  The  heart  was  progressively  sealed  between  the
electrodes  by  pressing  small  hooks  (indicated  on  record  by  arrows)  on  top  of  the  ring
shown  in  Fig.  1. Heart  resistance  was  24  kohms.  Bottom  trace,  voltage  drop  across  a
10 kohm  resistor  in  series  with  the  heart.  Polarizing  pulses  are  alternating  in polarity.
Current,  2  X  10- s amp.  B.  Oscilloscope  record  of the  time  course of the  voltage  drop
across  a  1 mm2 sheet  of  Chelyosoma heart.  Top  trace,  voltage  drop  across  heart  tissue.
Resistance,  30  kohms,  time  constant,  0.40  msec,  and  capacitance,  1.3  X  10  " farad.
Bottom  trace,  voltage  drop across  a  10  kohm  resistor  in  series with  the tissue.  Current,
10
- " amp.  C.  Continuous  oscillograph  record  of the  voltage  developed  across  a  heart
in  the  10  mm and 5 mm long  sucrose  gap.  Top  trace,  at  the  start  of  the  record  the
voltage drop  was  recorded  across  calibrating  20  MS2  and  10  MQ  resistors.  Sucrose  was
first perfused  through  the  10  mm gap,  then  the  gap was  reduced  to 5  mm.  The differ-
ence  in voltage  between  the  10  and  5 mm gaps  represents  the voltage  drop  through  5
mm of heart tissue  (see  text).  Bottom  trace,  voltage  drop across  a  10  kohm  resistor  in
series  with  the gap.  Current  pulses  are  alternating  in  polarity.  Current,  10  s amp.
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heart cells was about 1.9  X  102 ohms cm2 and 2.3  X  102 ohms cm2, respectively
(Table  I).  The  membrane  capacitance  of  Ciona and  Chelyosoma  heart  cell
membranes  was about  1.6  and  1.7  jsF per cm2, respectively.  These values are
less but of the same order of magnitude  as those of vertebrate heart cell mem-
branes (Weidmann,  1952; Woodbury and Crill,  1961; Woodbury and Gordon,
1965).
In conclusion,  the nexus regions  between  cells do not contain  an extracel-
lular gap wide enough to permit ion movement.  Transepithelial  tunnels large
enough to permit ions to flow  through them may exist, but if present tunnels
would be very rare and have such a high resistance  relative to the cell-to-cell
resistance  (see  next  section)  that  they  would  have  little  effect  on  impulse
spread  through  nexuses  by  local  current  flow.  Assuming  no  tunnels,  the
transepithelial  heart  resistance  is  composed  of the  luminal  (which  includes
the lateral cell  surface)  and apical cell  membranes  and cytoplasm in series.
C. Cell-to-Cell Resistivity of the Nexuses
Hearts stopped  beating within 30  sec after the start of sucrose  perfusion and
within several minutes the voltage that developed from applied current pulses
across the  sucrose gap reached a plateau  indicating that all the  extracellular
ions  in  the gap  (seawater)  had  been  replaced  by  sucrose  (Fig.  8  C).  Since
current could  pass through the heart in the sucrose gap,  the myocardial cells
must be in electrical  continuity  through the  nexuses;  i.e.,  the  cells were  not
isolated from each other by a layer of sucrose. Hearts were left in the gap for up
to 2 hr with little increase  in resistance  (maximum  10%).  This indicates that
few ions were leached  from the heart while the sucrose gap was  being main-
tained.  When  the  sucrose  was  replaced  with  seawater,  the  hearts  began  to
beat within  a few  minutes.
The interelectrode  resistance was less than  3  X  103  ohms when  the  10  mm
long  gap was  filled with seawater.  Since  this  value  is  extremely  small  com-
pared to the resistance of the gap  (heart present) when filled with sucrose, the
electrode  resistances  may  be  neglected.  Since  all  the  cells  are  parallel  and
oriented  70 ° to the long axis of the heart  (Fig.  6 B),  the equivalent circuit of
the sucrose gap can be represented  as in Fig. 4 B and expressed by:
1-  I  +  1  (3)
Rtotal  Rsu.rose  Reytoplasm  + Rne.ues  +  2Rintotissue
(cell-to-cell)
Since  the  Rsucrose  term in  a  10  mm  long gap  (minus the  heart)  was  over
400  M  and the Rtotal term with the heart was less than  20  M2, the  short-
circuiting  term  Ruro..se  is  less  than  5%  of  the  Rtot. 8 term.  Therefore,  the
omission of Rsurose from the above expression  (3) introduces  little  error in the
determination  of the longitudinal  heart resistance.
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The longitudinal  resistance  of a 5  mm long piece of heart was determined
by subtracting the total resistance of the 5 mm long gap from that of the 10 mm
long  gap  (Fig.  8  C)  which  eliminated  the  term  2Rinto tissue  from  expression
(3).  The  average  longitudinal  resistance  of  six  5  mm  long  strips  of  Ciona
hearts  (middle  regions  of arms  of the V-shaped  hearts)  and  six  5  mm  long
strips of Chelyosoma hearts was 8.3  (range  ±- 2.1)  and  14.1  (range  3.0)  M2
divided  by the  width in  millimeters,  respectively.  There was  a maximum of
20%  variation  in each  preparation  in from three  to six  successive  measure-
ments.  Several  hearts  were  pulled  out  of  the  chamber  and  rethreaded.  In
these  cases  the  measurements  were  in  agreement  within  30%. There was
no rectification  in the current range of  1 X  10- 9 to  1 X  10-s amp. All  nexus
resistance  calculations  were  made  with currents  of  10- 9 amp  and  the  total
voltage developed  across  the  electrodes was  about  20 myv.  The voltage drop
across  the  tissue  in  the  sucrose  gap  was  about  14  my which  is  only  about
14 itv (or 140  iv for  10-8 amp)  across each cell. The voltage drop  across each
Rinto  tissue  term was  about  3  my  (10-
9 amp)  in  which  case  no  rectification
would be expected.  At 10-8 amp the voltage change at Rinto  tissue was  30 my.
This voltage did not stimulate the heart to contract indicating that the thresh-
old for excitation of the heart  near  the  seawater-sucrose  interface  had prob-
ably increased.  This may explain  the absence  of rectification  at  10-8 amp.
The  cytoplasmic  resistance  of a strip  of heart  tissue  (10  i  thick by  5  mm
long),  assuming  2  times  the  specific  resistivity  of seawater  (23  ohms-cm),
would  be 2.3  X  105 ohms  divided by the width  of the  heart in millimeters.
This value  is still only 3% of the measured  longitudinal  heart resistance  sug-
gesting  that the  longitudinal  resistance  of the  tissue  resulted  primarily from
the nexuses.
The  specific  nexus  resistance  (cell-to-cell)  can  be  calculated  from  the
longitudinal  heart  resistance,  from  the  number  of rows  of  nexuses  in  the
5 mm long piece of heart, and from the  cell-to-cell  contact area of each nexus
(width of heart  times height  of nexus).  The myocardial  cells  are about  5  t
wide.  There are about  1000 rows  of nexuses in  the 5 mm  long gap with the
cells oriented  about 70° to the long axis of the heart. The nexus area for each
row of cells in the gap  is  1.5  X  10 - 5 cm2 per mm width of heart. The specific
cell-to-cell  nexus resistance  in Chelyosoma and Ciona is  0.3  (range  i  0.1)  ohm
cm 2 and 0.2  (range  0.1)  ohm  cm 2, respectively  (six preparations  for each
species,  Table I).
An equivalent  circuit  of the heart can be constructed  from the membrane
resistances  and  from the  longitudinal  heart  resistance  (Fig.  6  C).  Since  the
heart wall  is only  10  thick  and the diameter  may be up to 2  X  103  iU,  and
since it has been  shown  that an impulse  cannot pass through  the raphe,  the
tubular  heart  can  be  considered  electrically  as  a  sheet  of tissue  (Kriebel,
1967  b).
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The specific cell-to-cell  nexus resistance  of tunicate hearts is in good agree-
ment with the low resistance pathway between cells of 1 ohm cm2 calculated
from  the space  constant of the rat atrium  (Woodbury  and  Crill,  1961)  and
with the upper limit of 3 ohms cm2 for the potassium flux resistance  between
sheep  trabecular  fibers  (Weidmann,  1966).
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